A new methodology was developed to study the cell-surface glycoproteins of cultured human skin fibroblasts. This was based on the binding of a variety of biotinyl-lectins to nitrocellulose electrophoretic transfers of total fibroblast lysates after separation in sodium dodecyl sulphate/polyacrylamide gels, followed by reaction with avidinbiotinyl-peroxidase complexes and detection with 3,3'-diaminobenzidine. The technique proved to be very sensitive and a large number of glycoproteins were detected by binding of concanavalin A and wheat-germ agglutinin. Binding of peanut agglutinin and to a lesser extent of Ricinus communis agglutinin I were found to be dependent on prior removal of sialic acid residues from the glycoproteins. Since by treatment of intact viable cells with neuraminidase only external sialic acid residues were removed, peanut agglutinin and Ricinus communis agglutinin I could thus be utilized for selective detection of cell-surface glycoproteins. Also, because peanut agglutinin was known to bind preferentially to oligosaccharides of the O-glycosidic type, and Ricinus communis agglutinin I to those of the N-glycosidic type, the two lectins were complementary in displaying the surface glycoproteins and in providing information about their oligosaccharide composition.
The surface glycoproteins of human skin fibroblasts detected after electrophoresis by the binding of peanut (Arachis hypogaea) It is generally believed that cell-surface glycoproteins play an important role in the social behaviour of cells, in particular in recognition and adhesion phenomena (Hughes & Pena, 1981) . However, we lack precise knowledge of the structure and function of the individual macromolecules involved. This is partly due to methodological difficulties in the isolation of plasma membranes from nucleated cells (Graham et al., 1975; Wallach & Lin, 1973) . In an effort to remedy this situation, a variety of techniques have been designed using Abbreviations used: DBA, Dolichos biflorus (horse gram) agglutinin; Hepes, 4-(2-hydroxyethyl)-1-piperazine-ethanesulphonic acid; HBS, 137mM-NaCl/ 2.7 mM-KCl/0.9 mM-CaCl2/0.5 mM-MgCI2/30mM-Hepes, pH 7.4; PNA, peanut (Arachis hypogaea) agglutinin; RCA I, Ricinus communis (castor-bean) agglutinin I; SBA, soya-bean (Glycine max) agglutinin; SDS, sodium (Carraway, 1975; Hubbard & Cohn, 1976) .
One class of impermeant agents introduces covalently linked labels on external residues at the cell surface and permits identification of the labelled surface molecules in whole-cell lysates, even after drastic treatments such as solubilization in SDS. The most widely used of these procedures are the lactoperoxidase-catalysed iodination of tyrosine residues of surface proteins (Phillips & Morrison, 1971; Hubbard & Cohn, 1972; Hynes, 1973) and the galactose oxidase/NaB3H4 method, which specifically 3H-labels terminal D-galactose or D-N-acetylgalactosamine residues in the non-reducing terminals of the oligosaccharide side chain of surface glycoproteins and glycolipids (Gahmberg & Hakomori, 1973; Critchley, 1974) . Because of the large size of lactoperoxidase and galactose oxidase, these enzymes cannot penetrate the plasma membrane of intact viable cells, and labelling is thus restricted to the cell surface.
Another class of impermeant labels are the lectins, non-immune proteins that bind non-covalently to the oligosaccharide side chains of glycoproteins and glycolipids (Goldstein & Hayes, 1978) . Again, their large size restricts binding to the cell surface. Lectins have thus been extensively used in cell-agglutination studies (Burger & Martin, 1972) , in affinity chromatography (Lotan & Nicolson, 1979) and, through their ferritin (Nicolson & Singer, 1971) , fluorescein (Thoss & Roth, 1977) , horseradish peroxidase (Gonatas & Avrameas, 1973) or biotin derivatives, as histochemical and cytochemical reagents. Fairly recently, radioiodinated lectins have been used for the specific detection of glycoproteins after SDS/polyacrylamide-gel electrophoresis of whole-cell lysates directly in the polyacrylamide gels (Tanner & Anstee, 1976; Burridge, 1976) or after transfer to nitrocellulose membranes (Towbin et al., 1979) . However, such detection is not specific for surface molecules, because cytoplasmic glycoproteins are now exposed for lectin binding.
We used a variety of biotinylated lectins and avidin-biotinyl-peroxidase complexes to detect the glycoproteins of total lysates of cultured human skin fibroblasts after electrophoretic separation in SDS/ polyacrylamide gels and transfer to nitrocellulose membranes. Detection of glycoproteins with PNA and, to a lesser extent, with RCA I, was found to be dependent on prior removal of sialic acid residues by neuraminidase. Since treatment of intact viable cells with the non-penetrating neuraminidase removed only external sialic acid residues, PNA and RCA I could thus be utilized for the selective detection of cell-surface glycoproteins. This methodology provides a new approach to the study of surface glycoconjugates in cultured cells.
Materials and methods

Cell culture
All the studies presented here were performed with a human diploid skin fibroblast strain (GM 3348 (Steck & Dawson, 1974 Towbin et al. (1979) . Transfer was performed at 175mA for 20h. After transfer, the nitrocellulose sheets containing 12 or 5.5 cm streaks of proteins were cut longitudinally at 0.5cm intervals to make 24 or 11 identical strips respectively. One of the sample strips and the strip containing the molecular-weight markers were then stained in 0.1% Coomassie Blue R250 in methanol/ acetic acid/water (9:2:9, by vol.) for 10min and destained briefly in methanol/acetic acid/water (451:1:4, by vol.). In every experiment the acrylamide gel was also stained with Coomassie Blue R250 to assess the efficiency of the transfer.
Lectin-binding and detection of glycoproteins after transfer to the nitrocellulose sheets The protein-containing nitrocellulose strips were first soaked in 3% (w/v) bovine serum albumin (fraction V; 96-99% pure; Sigma) in HBS for lh at 370C to saturate all non-specific protein-binding groups. The strips were then rinsed once in HBS and incubated with 1.5ml of the appropriate biotinyllectin at 10,ug/ml in HBS containing 3% bovine serum albumin for 1h at room temperature. The incubation was done in specially constructed Plexiglass humid chambers containing 18 wells, each well 14cm long, 0.75cm wide and 0.6cm high. Then the strips were washed four times in HBS for a period of at least 30min and incubated further with 1.5 ml of a solution of preformed avidin-biotinyl-peroxidase (ABC) complexes for 30min at room temperature. The complex solution was preformed by mixing 50,l of avidin and 50,ul of biotinyl-peroxidase in 8 ml HBS and after 30min adding 50,u1 of 12% bovine serum albumin. After incubation with the ABC complexes the strips were again washed four times in HBS over 30min and finally stained with 3,3'-diaminobenzidine by the method of Graham & Karnowsky (1966) . 
Enzymic treatment offibroblast monolayers
Neuraminidase treatment of live cell monolayers was performed at 370C for 30min with a 100 units/ml solution of the enzyme in 0.05M-sodium acetate buffer, pH5.5, containing 0.15M-NaCl and 0.1% CaCl2. Cell The electrophoretic transfer of proteins to nitrocellulose for a long period (20h) at relatively low current (175 mA) was successful for most, but not all, proteins. Staining of the acrylamide gel after transfer consistenly showed that two major bands, migrating at apparent mol.wts. of 200000 and 58000, largely remained in the gel. These proteins were resistent to extraction of fibroblasts with Triton X-100 and corresponded to myosin and vimentin, two major components of the detergent-resistant cytoskeleton of human skin fibroblasts (Pena, 1982) . On the other hand, the Triton-soluble fraction, which, with the exception of fibronectin, should constitute the bulk of the fibroblast plasma-membrane proteins (Pena et al., 1979) , transferred uniformly and almost quantitatively.
Detection ofglycoproteins by lectin binding
The high specificity and extraordinary affinity of the egg-white protein avidin for biotin (dissociation constant (10-sIM) has been finding increasing application in histochemical and cytochemical studies (Heggeness & Ash, 1977; Guesdon et al., 1979; Pena et al., 1981) . For instance, we successfully used biotinylated lectins and avidin-horseradish peroxidase conjugates for the optical-microscopic detection of glycoconjugates in human skeletal muscles and guinea-pig spinal cord (G. Karpati & S. D. J. Pena, unpublished work). Fairly recently Hsu et al. (1981a,b) introduced avidin-biotinyl-peroxidase (ABC) complexes as a new method with improved sensitivity for detection of bound biotinyl conjugates. Although the detailed structure of the ABC complexes is not known, it is believed that, during their formation, avidin acts as a cross-bridge between biotin-labelled peroxidase molecules, thus forming a 'lattice' complex (Hsu et al., 198la) .
We allowed seven different lectins to bind to the glycoproteins in nitrocellulose electrophoretic transfers, of total lysates of human fibroblasts after SDS/polyacrylamide-gel electrophoresis. The bound lectins were then allowed to react with avidinbiotinyl-peroxidase complexes and detected with 3,3'-diaminobenzidine. The results are shown in Fig.   1 proteins. For all three lectins, the reaction was inhibited by inclusion of appropriate competing sugars in the lectin incubation mixture. PNA, SBA and UEA I did not lead to significant staining of any bands. DBA led to faint detection of a few polypeptides, but the reaction was not inhibited by N-acetyl-D-galactosamine, thus casting doubt on the specificity of the lectin binding. The detection of so many glycoprotein bands in fibroblast extracts by binding of concanavalin A and WGA proved that the avidin-biotinyl-peroxidase complexes used do indeed have great sensitivity. To establish the limits of such sensitivity, know amounts (10-2500ng) of ovalbumin were run in SDS/polyacrylamide-gel electrophoresis, electrophoretically transferred to nitrocellulose and stained with concanavalin A; the ovalbumin band was barely visible at 40ng, but clearly detected at 80ng. Thus, since 1 mol of ovalbumin contains 5 mol of mannose (Shapiro, 1973) , the sensitivity of staining with concanavalin A is of the order of 9pmol (1.6ng) of mannose.
Effect ofneuraminidase treatment
Four of the lectins used in the present study, namely RCA I, PNA, SBA and DBA, are known to bind to terminal D-galactose or N-acetyl-D-galactosamine residues (Goldstein & Hayes, 1978) . By removing terminal sialic acids and thus exposing subterminal D-galactose and N-acetyl-D-galactosamine residues, neuraminidase treatment of the fibroblast glycoproteins should enhance significantly the number and intensity of bands detected with these lectins. Indeed, in cryostat sections of human muscle, neuraminidase treatment drastically enhanced binding of PNA, SBA and DBA . Also, in human tumour KB cells, neuraminidase treatment led to a 25-fold and 40-fold increase in surface binding of PNA and SBA respectively (Butters & Hughes, 1978) .
Treatment of the fibroblast monolayers with neuraminidase had the expected effect on the binding of RCA I and PNA, with appearance of a variety of bands not previously detected (Fig. 2) . The binding of RCA I and PNA to the glycoproteins containing these cryptic receptors now exposed by neuraminidase treatment seemed to be specific, as demonstrated by complete inhibition with competing sugars (Fig. 2) . On the other hand, and somewhat surprisingly, neuraminidase treatment had no noticeable effect on the binding of SBA and DBA to fibroblast glycoproteins.
The treatment of cell monolayers with neuraminidase also had an added bonus: because of its large size the enzyme could not penetrate the plasma membrane of viable fibroblasts and its action was thus restricted to the cell surface. The use of" PNA and RCA I for detection of glycoproteins in total cell lysates of neuraminidase-treated fibroblasts could then constitute a new methodology for study of the cell surface in cultured cells. It remained to be demonstrated that the cells stayed viable throughout the enzymic treatment. The viability of the fibroblasts at the end of the incubation was greater than 98% as judged by Trypan Blue exclusion and more than 90% as judged by plating efficiency. These values did not differ from those obtained with untreated controls.
As a further test of the surface origin of the glycoproteins 'uncovered' by neuraminidase, the intact fibroblasts were treated with trypsin or galactose oxidase (again, large macromolecules that do not penetrate viable cells). The results of this experiment are shown in Fig. 3 . It should be noted that these gels are loaded with approximately twice the cell protein of the gels in Figs. 1 and 2 . Nitrocellulose transfers stained with concanavalin A were included in these experiments as controls; as expected from the known core location of mannose residues in N-glycosidically linked oligosaccharides, neither neuraminidase nor galactose oxidase treatment altered the staining pattern. No alteration was observed with trypsin treatment either, suggesting that maybe a large number of the glycoproteins detected were intracellular. In contrast, PNA binding was significantly altered by enzymic treatment of the cells before solubilization; there was an overall decrease in the number and intensity of the bands with trypsin treatment, whereas the oxidation of terminal D-galactose and N-acetyl-D-galactosamine residues by galactose oxidase virtually abolished binding, as predicted from the known properties of PNA. On the other hand, galactose oxidase treatment caused little alteration in RCA I binding (this lectin thus appeared to be less stringent about the configuration of the D-galactose residues), but trypsin digestion promoted the disappearance or attenuation of several bands. The weight of the evidence then suggested that the glycoproteins detected with PNA and RCA I after neuraminidase treatment of intact cells were indeed surface-located.
The surface glycoproteins ofhuman skin.fibroblasts A large number of surface glycoproteins were detected by PNA and RCA I binding. The overall staining pattern with the two lectins differed, reflecting their different binding specificities (see the Discussion section), although a number of bands seemed to be detected with both lectins. Since relatively little is known about the cell surface of human fibroblasts, very few of the glycoprotein heads (.<): 1, fibronectin; 2, 140000-mol.wt. glycoprotein bound by RCA I; 3, 140000-mol.wt.
glycoprotein bound by PNA. bands could be identified. RCA I, before and after neuraminidase treatment, stained intensively a major glycoprotein with apparent mol.wt. 220000 (Figs. 2 and 3, ( 1) . This glycoprotein disappeared after trypsin treatment (Fig. 3, lane 11 ) and could thus be confidently identified as fibronectin, a major glycoprotein of the pericellular matrix of human fibroblasts (Hedman et al., 1978 (Hedman et al., , 1979 , known to be extremely sensitive to proteinases (Hynes, 1973 most of it in the form of asparagine-N-acetylglucosamine-linked (N-glycosidic type) oligosaccharides (Carter et al., 1978) , and is the major ricin-binding glycoprotein of chick-embryo fibroblasts (Burridge, 1976) . PNA bound very poorly to fibronectin (Fig. 2, lane 5 Human skin fibroblasts (6 x 105) were plated in each of four 60-mm culture dishes. After 24h, one monolayer was solubilized with SDS and labelled 'untreated'. The other three monolayers were treated with neuraminidase (l00units/ml for 30min at 370C). One of these was solubilized with SDS and labelled 'neuraminidase-treated'. Of the two remaining dishes, one was treated with galactose oxidase (10units/ml for 30min at 370C, followed by solubilization in SDS; labelled 'galactose oxidase-treated). The other dish was treated with trypsin (25,ug/ml for 10min at 250C), the cells collected, washed three times in HBS by centrifugation and solubilized in SDS for electrophoresis (labelled 'trypsin-treated'). Fibroblast extracts were run in adjacent 0.5-cm sample pockets in slab gels and electrophoretically transferred to nitrocellulose sheets, which were cut in blocks, each containing (in order) proteins of 'untreated' (lanes 1,5,9), 'neuraminidase-treated' (lanes 2,6,10), 'galactose oxidase-treated' (lanes 4, 8, 12) and 'trypsin-treated' (lanes 3,7,1 1) fibroblasts. The blocks were then allowed to react with PNA (lanes 1-4), concanavalin A (lanes 5-8), or RCA I (lanes 9-12) followed by avidin-biotinyl-peroxidase complexes and staining with 3,3'-diaminobenzidine. PNA I binding had apparent mol.wt. approx. 140000 (Figs. 2 and 3, < 2) and was resistant to release from the cell surface by trypsin (Fig. 3, lane 11) . However, its apparent molecular weight decreased after neuraminidase treatment and even further with trypsin treatment. This glycoprotein was not solubilized by non-ionic detergents (S. D. J. Pena, unpublished work). A similar glycoprotein with mol.wt. 140000, also resistant to proteinases and also detergent-insoluble, has recently been described by Carter & Hakomori (1981) as a major glycoprotein of the matrix of human fibroblasts. A glycoprotein with similar but slightly slower mobility and yielding a more diffuse band could be detected by PNA binding (Figs. 2 and 3, -3 ). In contrast with the former glycoprotein, it was largely released from the surface by trypsin treatment (Fig. 3, lane 3) and was solubilized by Triton X-100 (S. D. J. Pena, unpublished work). It may possibly be related to a proteinase-sensitive surface glycoprotein of human fibroblasts with apparent mol.wt. of 150000 that has also been fairly recently described (Verlinden et al., 1981) .
Discussion
The use of biotinylated lectins and avidin-biotinyl-peroxidase complexes for the detection of glycoproteins in nitrocellulose membranes proved to be simple, rapid and very sensitive. It presents some advantages over the use of '25I-labelled lectins in that it is faster, it gives better resolution and it precludes the use of radioactive isotopes. Furthermore, the biotinyl-lectins are stable on storage over several months. The most significant finding of the present study, however, was that PNA and RCA I could be used to detect specifically cell-surface glycoproteins in neuraminidase-treated cultured skin fibroblasts. This methodology permits a new approach to the study of membrane glycoproteins and should prove a useful adjunct to existing surface-labelling techniques.
Peanut agglutinin has a narrow specificity and binds preferentially the disaccharide D-Gal-1-+3GalNAc (Lotan et al., 1975) , which is found in the O-glycosidic type (mucin-type) oligosaccharides (Kornfeld & Kornfeld, 1980) . This is probably the reason why PNA bound so poorly to fibronectin, a glycoprotein that contains mostly N-glycosidic-type oligosaccharides. On the other hand, RCA I has specificity for flglycosidically linked D-galactose residues and does not bind Nacetylgalactosamine (Nicolson et al., 1974) . Adair & Kornfeld (1974) isolated the RCA I receptors from human erythrocytes by affinity chromatography and found that these receptors were enriched in Nacetylglucosamine but had low amounts of Nacetylgalactosamine, thus suggesting preference for N-glycosidic N-acetyl-lactosamine-type oligosaccharides. This suggestion was supported by the studies of Irimura et al. (1975) , who showed that haemagglutination by RCA I was inhibited by porcine asialo-thyroglobulin glycopeptide B but not by neuraminidase-treated bovine and porcine submaxillary mucins. In contrast, PNA haemagglutination was inhibited by the submaxillary mucins but not by the asialo-thyroglobulin glycopeptide B (Irimura et al., 1975) . It thus appears that PNA and RCA I display preferential binding to O-glycosidictype and N-glycosidic N-acetyl-lactosamine-type oligosaccharides respectively. This observation not only explains the differences in the pattern of detection of the fibroblast glycoproteins by binding with these two lectins after neuraminidase treatment, but also may permit appropriately cautious inferences about the types of oligosaccharide chains present in individual glycoproteins detected by binding of one, the other, or both, lectins. Further extension of the methodology described herein by use of other galactose-or N-acetylgalactosaminebinding lectins and by the use of other glycosidases such as the N-acetylgalactosaminyl-oligosaccharidase (Huang & Amiroff, 1972) or the endo-N-acetylglucosaminidases (Muramatsu et al., 1976) may provide valuable information, hitherto unavailable, about the surface glycoconjugate composition of normal and abnormal cultured cells.
